loci or regional domains. The converse situation, however, provides additional insights. Chromosomes that are drastically shortened by centromere fission (Parker et al., 1982) or unequal reciprocal translocation (G.H.J. and D. Whitmill, unpublished data) fail to establish the obligate crossover in a proportion of cells. The stress relief model proposes that these shortened chromosomes are unable to generate consistently the level of stress required to produce the one essential crossover required for chromosome disjunction. In conclusion, although we are some way from a full understanding of crossover control, recent work, including the study by Martini et al. (2006) , provides important insights into this fundamental biological process.
A dogma of biology states that the expression of genes is regulated by DNA sequences that act in cis (i.e., on the same chromosome) and respond to diffusible factors (proteins or RNA) that are encoded by genes acting in trans (on different chromosomes). Obvious cis-regulatory elements include promoters, enhancers, and more complex locus control regions (LCRs). Enhancers and LCRs are thought to augment the activity of promoters by interactions involving looping of the intervening DNA. In the context of multigene clusters, such as the β-globin locus, the LCR acts on one promoter at a time, a feature known as promoter competition (reviewed in Chakalova et al., 2005) . Although enhancers are generally thought to act in cis, some observations have raised the interesting possibility that they can also act in trans. In Drosophila, in which homologous chromosomes are paired in somatic cells, enhancers associated with one allele can activate the promoter of the second allele in a process termed transvection (reviewed in Duncan, 2002) . Moreover, transfection assays of artificial gene constructs reveal that an enhancer can activate a promoter that is topologically unlinked but is either coupled via a protein bridge or located on a distinct but interlocked plasmid (Mueller-Storm et al., 1989) . Recently, physical and functional evidence has emerged for nonallelic interactions between chromosomes. In particular, an LCR in the interferon-γ locus was shown to associate with the interleukin-4 locus on a different chromosome in naive T cells that are committed to differentiate into cells expressing only one of the two cytokines in a monoallelic manner (Spilianakis et al., 2005) . Similar nonallelic interchromosomal associations involve the imprinting control region of the Igf2/H19 locus and the Wsb1/Nf1 gene (Ling et al., 2006) . However, these nonallelic interchromosomal interactions appear to be relatively infrequent or transient, and their biological role is still somewhat unclear.
The odorant receptor (OR) system of mammals provides an ideal case to study the potential role of interchromosomal crosstalk because each olfactory neuron expresses only one of many possible OR genes. In this issue of Cell, Axel and colleagues (Lomvardas et al., 2006) In this issue of Cell, Axel and colleagues (Lomvardas et al., 2006) report that a single enhancer of an odorant receptor (OR) gene cluster interacts with multiple OR gene promoters on different chromosomes. This study suggests a mechanism that allows olfactory sensory neurons to choose randomly and express only one out of more than 1000 OR genes. Figure 1A ). Each individual olfactory neuron in the mouse expresses randomly only one of some 1300 OR genes that are dispersed over many chromosomes (reviewed in Shykind, 2005) . This process generates a large diversity of olfactory neurons and ensures the monospecificity of receptor expression per cell, forming the basis of the "one cell, one receptor" hypothesis. The receptor defines the functional identity of an olfactory neuron and also serves as a guidance molecule dictating the precise site of convergence in the brain. Different models have been proposed concerning the choice of single OR alleles. One model predicts that each sensory neuron expresses unique combinations of transcription factors that bind to unique cis-acting sequences of OR genes. According to this view, qualitative and/or quantitative differences in the expression of transcription factors would dictate the choice of OR gene. Another model proposes that the same set of transcription factors occupies similar cis-acting regulatory elements of different OR genes, such that generation of productive complexes on the OR promoter would occur at low frequency, assuring that the cell will only activate one OR gene. A third model invokes the existence of a single expression site in the genome that mediates the potential transactivation of all OR genes but chooses only one OR gene per cell. Although transposition of individual members of a gene family by DNA recombination accounts for the choice of antigen-receptor genes in B and T lymphocytes and surface antigens in trypanosomes, irreversible DNA recombination has been ruled out for OR gene choice (Eggan et al., 2004) .
In their new work, Lomvardas et al. (2006) examine the possibility that a single enhancer can interact with multiple OR gene promoters yet activate only one promoter in a given olfactory neuron. One set of closely linked OR genes has been shown to be regulated by a single DNA element, termed the H enhancer, which is located 75 kb upstream of the MOR28 gene cluster (Serizawa et al., 2003) . In transgenic mouse experiments, the correct expression of OR genes in this cluster on chromosome 14 requires the presence of the H element. In addition, the Mombaerts laboratory has shown that 161 bp promoter sequences are sufficient to direct expression of the unlinked M71 gene (Rothman et al., 2005) .
Using the chromosomal conformation capture (3C) technique, Lomvardas et al. demonstrate that the H enhancer associates with OR genes located on different chromosomes specifically in the mouse olfactory epithelium. Combining immunohistochemistry to identify cells expressing specific odorant receptors (M50 or M71) and fluorescence in situ hybridization (FISH), the authors show that the H enhancer is associated with the unlinked M50 or M71 genes only in cells that express these respective genes. In addition, a combination of DNA- and RNA-FISH analysis allowed the authors to visualize the colocalization of the H enhancer with only one allele of the OR gene that is transcribed in a sensory neuron. Together, these data suggested a mechanism by which a single regulatory DNA element can govern the choice of one member of a multigene family for expression. However, a major question remained to be answered: How is the expression of only one OR gene accomplished in sensory neurons carrying two alleles of the H enhancer? Lomvardas et al. examined the epigenetic profile of the H enhancer and found some evidence for the DNA methylation of one of the two H alleles. Surprisingly, the methylated cytosine residues were followed by an adenine, rather than a guanosine, which is rather unusual Figure 1B) . DNA methylation at CpG residues has also been implicated in the monoallelic expression of immunoglobulin κ light-chain genes, in which one of the two alleles is demethylated in an enhancerdependent manner (reviewed in Mostoslavsky et al., 2004) .
To gain functional support for the monoallelic action of the H enhancer in mouse olfactory neurons, Lomvardas et al. examined the effect of the presence of additional H enhancer copies per cell. According to the model of one active enhancer/one expressed OR gene, the presence of additional enhancer copies should result in the expression of multiple OR genes. In transgenic mice carrying a tandem array of six H enhancers at a single ectopic site, no coexpression of two different OR genes per cell could be found. This result suggested either that the additional H enhancer copies are not functional or that the expression of one functional OR gene results in a feedback mechanism, strengthening the exclusive expression of only one OR gene per cell. A feedback mechanism has been shown to mediate the allelic exclusion of antigen-receptor genes, in which the expression of a functional (but not a nonfunctional) antigen receptor prevents the rearrangement and expression of the second allele (reviewed in Mostoslavsky et al., 2004) . Likewise, feedback regulation of functional OR genes has been demonstrated (Serizawa et al., 2003; Lewcock and Reed, 2004; Shykind, 2005) . Indeed, the examination of a potential coexpression of OR genes in neurons that express OR pseudogenes indicated that the presence of additional H enhancer copies results in the coexpression of an OR pseudogene and a functional OR gene at a low frequency. This observation supports the role of feedback regulation in the monoallelic activation of OR genes by a single copy of the H enhancer.
The nonallelic interchromosomal associations observed in the mammalian olfactory system offer a remarkable solution to the riddle of OR gene choice. In addition, these observations provide a new mechanism for selective gene expression in multigene families. Yeast mating-type switching and mammalian antigen-receptor choice involve reversible and irreversible DNA rearrangements, respectively. In contrast, OR choice appears to be based on the recruitment of a gene into a single expression site by intra- and interchromosomal interactions between an enhancer and the gene promoter. Although these associations may be quite stable, they also could provide some plasticity. Indeed, immature olfactory sensory neurons that express a particular odorant receptor have been found to switch receptor expression at a low frequency (Shykind, 2005) . Based on the study by Lomvardas et al. and those of others, our view of cis and trans gene regulation is beginning to change. Instead of the recruitment of diffusible factors to promoters for gene activation, large multiprotein complexes that are assembled at enhancers may form parts of "transcription factories" to which promoters are recruited (reviewed in Chakalova et al., 2005) . According to this view, enhancers may also impart specificity on the genes that are recruited to these factories for expression.
An important question raised by the study by Lomvardas et al. concerns the identity of factors that dictate the intra- and interchromosomal associations of the H enhancer with OR gene promoters. CTCF is a potential candidate, as this protein mediates the interchromosomal association between the imprinting control region of Igf2 and the Wsb1/ Nf1 gene (Ling et al., 2006) . However, other proteins are likely to subserve similar functions, and the identification and characterization of proteins that govern the interchromosomal associations of OR genes will provide important insight into the underlying mechanism. It will also be interesting to examine the effects of a deletion of the H enhancer in the mouse, which may help to determine whether other H-like elements exist that contribute to OR choice. Finally, it remains to be determined whether the subnuclear localization of interacting gene loci influences the frequency of associations. Chromosomes occupy "territories" that can be stably maintained during many generations of cell divisions (reviewed in Chakalova et al., 2005) . This observation raises questions as to whether the interacting loci are looped out from the main body of their chromosomal territories to an area where transcription is possible. Future real-time imaging of interchromosomal interactions, combined with biochemical analysis, will help to gain insight into the dynamics of this process and further shift our view of cis to trans effects during gene regulation.
